Abstract New and improved methods have been developed to detect somatic and male-specific coliphages in large volumes of water by single agar layer (SAL), enrichment and membrane filter methods. Somatic coliphages were detected efficiently on E. coli hosts C and CN13, male-specific coliphages were detected more efficiently on E. coli F amp than on Salmonella typhimurium WG49 and both types of coliphages were detected simultaneously on E. coli C3000. For water volumes of up to 100 ml, the SAL method was efficient and reliable. For water volumes of <1 L and as many as 10 multiple 1 L volumes, the enrichment method was efficient in detecting very low numbers of coliphages. Membrane filter methods, in which coliphages were adsorbed to and eluted from filters, also were relatively efficient, but they were less efficient than SAL and enrichment methods and were considered to be more cumbersome. For filter adsorption-elution methods, coliphage recoveries were most efficient for cellulose ester filters, less efficient for electropositive 1MDS filters and least efficient for a direct membrane filter method. Overall, the enrichment method was preferred because of its ability to easily and rapidly detect low levels of coliphages in large sample volumes by either presence-absence or most probable number quantification.
Introduction
Coliphages are promising indicators of faecal contamination, but reliable, simple and affordable methods are needed to detect them in large volumes of water. Some coliphage detection methods were developed originally for either somatic or male-specific coliphages. However, they have not been adequately tested for their ability to detect both of these coliphage groups, either separately on individual hosts for each group or together on a single host capable of simultaneously detecting both groups on a single host. Candidate coliphage methods include (a) single agar layer (SAL) plaque methods for volumes of <100 mL (Grabow and Coubrough, 1986) , (b) different filter adsorption-elution methods for volumes of <1 L, and (c) liquid enrichment culture methods for volumes of <1 L as a presence-absence test (for a single sample volume) or a most probable number (MPN) test (with multiple sample volumes) (Kott, 1966; Armon and Kott, 1993) .
Based on the results of studies led by some of the participating laboratories of this report, two methods for coliphage detection in groundwater were recently approved by the USEPA: (1) two-step enrichment of 1 L samples (in liquid culture with host bacteria) followed by detecting host cell lysis in agar medium-host cell lawns (Method 1601) and (2) an SAL assay of 100 mL sample volumes (Method 1602) (USEPA, 2001a,b) . In this study, two to three laboratories concurrently screened candidate methods for coliphage detection in large volumes of water and selected two, SAL and enrichment, for further evaluation by up to five laboratories. The candidate methods were tested in regionally representative samples of groundwater in the USA seeded with natural, mixed populations of sewage coliphages.
Materials and methods

Coliphages and host bacteria
Coliphages were mixed populations obtained by filtering settled municipal sewage through 0.45-µm pore-size cellulose ester filters. Host bacteria for coliphage detection were (a) E. coli C and CN13 for somatic coliphages, (b) E. coli F amp and S. typhimurium WG49 for F+ coliphages and (c) E. coli C3000 for both somatic and male-specific coliphages. Bacteria were grown in tryptic soy broth containing specific antibiotics for strains that were resistant (F amp : ampicillin 20U/mL and streptomycin 15 µg/mL; S. typhimurium WG49: ampicillin 20 µg/mL and nalidixic acid 100 µg/mL, CN13: nalidixic acid 100 µg/mL).
Coliphage recovery and detection methods
Methods evaluated in this study were: adsorption to and elution from cellulose ester (MF) and positively charged fibreglass (Virosorb 1MDS) filters followed by single or double agar layer plaque assay, direct membrane filtration (DMF), SAL, and liquid culture enrichment followed by spot plating onto agar medium-host cell lawns. For the filter adsorption-elution methods the following variables were investigated in experiments using groundwater seeded with sewage coliphages: (a) type of filter [cellulose ester or positively charged fibreglass (Virosorb 1MDS, Cuno)], (b) composition of elution medium, (c) elution pH and (d) flow rate of water filtration. For the 1MDS filter, adsorption was better with two than with one layer of medium. For both the 1MDS and cellulose ester filters the most effective elution medium was 3% beef extract-0.3% Tween-80, which gave better recoveries than 3% beef extract alone or 3% beef extract with 0.1% Tween 80. Optimum elution of coliphages adsorbed to 1MDS filters was at pH 9.5, which was better than pH 7.5 or 8.5, but optimum elution pH for cellulose filters was at pH 7.0, which was better than pH 8.5 or 9.5. The flow rate of water filtration had little influence on coliphage adsorption efficiency to 1MDS or cellulose ester filters, so an upper limit on flow rate was not specified.
The previous DMF method used tetrazolium violet in a medium of tryptone-glucoseNaCl agar plus Tween 80 to elute adsorbed coliphages from the cellulose ester membrane filter onto the agar medium-host cell lawn. Because poor contrast of plaques against the background of a violet medium sometimes occurred, the use of X-gal (5-bromo-4-chloro-3indolyl-beta-D-galactopyranoside; 100 mg/L final concentration) and IPTG (isopropyl-beta-D-thiogalactopyranoside; 250 mg/L final concentration) to produce blue plaques in a medium with either no or a reduced concentration of tetrazolium violet was investigated. When concentrations of X-gal and IPTC were optimised and these conditions compared to the original medium with tetrazolium violet only, higher coliphage recoveries from seeded groundwater were achieved (data not shown). The presence of a reduced amount of tetrazolium violet in the medium with optimised X-gal and IPTG concentrations gave no better recoveries than the same medium without tetrazolium violet. So, this modified medium with X-gal and IPTG was used in comparative experiments on coliphage recoveries from sewage-seeded groundwaters.
Enrichment methods to detect coliphages in 1 L volumes of groundwater were initially developed and evaluated in two participating laboratories (UNC and UCR). A two-step method involved overnight incubation of the enrichment culture, followed by spotting a small volume of the enrichment material onto an agar medium-host cell lawn to detect lysis of bacteria in the spot after several hours of incubation. The enrichment medium of the two-step method contained a final 0.5× concentration of tryptic soy broth (TSB) and was prepared as a 10× concentrate, autoclaved and added as a 1/20 volume to the sample water (50 mL TSB/L water). Magnesium chloride, 0.05 M, was added to the sample water to facilitate coliphage adsorption to the added host bacteria. The two-step enrichment method involved adding 0.05 M magnesium chloride, host bacteria and 0.5× TSB medium to the sample water, mixing and incubating overnight for coliphage growth. Coliphage growth was detected by removing a small volume from the overnight enrichment and spotting it onto a pre-poured TSB agar medium-host cell lawn. After several hours of incubation, these cultures were scored as positive or negative for phage growth by the appearance of host cell lysis in the lawn spot. The one-step colorimetric method employed a glucose salts medium containing X-gal and IPTG. Coliphage-positive samples were detected by a blue colour that developed during the incubation period, which was due to the release of β-galactosidase by lysed host cells and its hydrolysis of X-gal.
In addition, the enrichment methods also were evaluated with continuous stirring during incubation, compared to initial hand mixing when the ingredients were combined, followed by static incubation. Ten replicate experiments were performed in parallel, each with ten replicate 1 L volumes of groundwater seeded with about 2-3 infectious units of coliphages/L for each host bacterium (E. coli C, CN13 and F amp ). Further evaluation of both the two-step enrichment-spot plate method and the one-step colorimetric method by collaborative testing in multiple laboratories resulted in the selection of the two-step method to detect coliphages in 1 L volumes of groundwater that became USEPA Method 1601. This was because the colorimetric method gave inconsistent results, sometimes with the development of the blue hydrolysis product of X-gal in the absence of coliphages in the enrichment culture (a false positive).
Results and discussion
SAL and membrane filter methods
In a series of initial experiments by two laboratories (UNC and UCR) high inputs (1,000-1,500 infectious units/L) of coliphages from seeded groundwater were recovered by filter adsorption-elution methods (for 1 L volumes) and SAL (for 100 mL volumes).
As shown in Table 1 , coliphage recoveries by direct plating of 100 mL volumes by the SAL method agreed well with estimated coliphage levels in seeded groundwater based on double agar layer (DAL) plaque assay of the seed sewage with mean recoveries of 145, 139, 60 and 35% on E. coli C, CN-13, and F amp and S. typhimurium WG49 respectively. For recoveries from 1-L volumes by the three alternative filter methods, the cellulose membrane filter adsorption-elution/plaque assay gave the consistently highest coliphage recoveries on all four hosts tested (81, 85, 27 and 31% on E. coli C, CN13, F amp and S. typhimurium WG49 respectively). Coliphage recoveries by the 1MDS filter adsorption-elution/plaque assay were 53, 66, 18 and 19% on hosts E. coli C, CN13, F amp Table 1 Recovery of high inputs (~1,000-1,500 PFU/L) of coliphages from seeded volumes of groundwater by SAL (100 mL) and filter-adsorption-elution (1 L) methods A/E = filter adsorption-elution; n = 8-16 trials/laboratory; SAL = 100 mL; A/E = 1 L; recoveries based on coliphage titre by direct plaque assay of sewage stock and S. typhimurium WG49 respectively. The poorest coliphage recoveries were by the direct membrane filter method, with average recoveries of only 27, 23, 31 and 0.6% on hosts E. coli C, CN-13 and F amp and S. typhimurium WG49 respectively. Coliphage recovery efficiencies by these different methods were significantly different (p <0.0001) by Kruskal-Wallis non-parametric ANOVA, with or without inclusion in the analysis of data from the SAL method. The coliphage recovery data of Table 1 were also analysed pair-wise (by the Mann-Whitney rank sum test) for significant differences between the different methods (1MDS, cellulose and DFM filter adsorption-elution and SAL). All methods were significantly different in coliphage recovery (p <0.01 or less). As coliphage recoveries by the DMF method were significantly worse than the recoveries by the other filter adsorption-elution methods, this method was not further pursued for coliphage detection in 1 L volumes of groundwater. The coliphage data summarised in Table 1 were also statistically analysed to determine the effect of different host bacteria on recovery efficiencies. For all coliphage detection methods combined, there were significant differences in recovery efficiency by host bacterium (Kruskal-Wallis non-parametric ANOVA, p <0.00001). Recoveries of somatic coliphages (on hosts E. coli C and CN-13) were higher (mean 73% on each host by all methods) than those of male-specific coliphages (mean 34% on E. coli F amp and mean 19% on S. typhimurium WG49, all methods). When coliphage recoveries by all methods combined were considered, they were significantly higher for somatic coliphages on E. coli hosts C and CN13 than for male-specific coliphages on hosts E. coli F amp and S. typhimurium WG49 (p <0.0001, Mann-Whitney U-Test). When pairs of host bacteria were tested for recovery efficiencies, all pairs were significantly different (p <0.01 by Mann-Whitney Ustatistic) except E. coli C and CN13. Hence, either one of the somatic coliphage hosts, E. coli C or CN13, was effective for recovery of somatic coliphages from groundwaters. However, when E. coli F amp and S. typhimurium WG49 were compared for coliphage recoveries by all methods, recoveries were higher on the former (34%) than on the latter (19%) and this difference was significant (p <0.0002, Mann-Whitney U-Test). Furthermore, the quality of the plaques obtained on E. coli F amp were much better than on S. typhimurium WG49, as the latter give rather fuzzy and indistinct plaques. Therefore, E. coli F amp was deemed the preferred male-specific coliphage host, because it gave better or equal coliphage recovery than the Salmonella WG49 and plaques were easier to visualise and count.
The results of a total of 6-19 replicate experiments by two collaborating laboratories (UNC and UCR) on recovery of low levels (~100 PFU) of sewage-derived, somatic and male-specific coliphages from 1 L volumes of groundwater by cellulose and 1MDS filter adsorption-elution methods and the SAL method are summarised in Table 2 . The SAL method gave somatic coliphage recoveries of 50% and 104% on hosts E. coli C and CN13, respectively, and male-specific coliphage recoveries of 58% on E. coli F amp . For filter adsorption-elution methods, coliphage recoveries were higher using cellulose ester filters Table 2 Recovery of low levels (~100 PFU) coliphages from seeded volumes of groundwater by SAL (100 mL) and filter-adsorption-elution (1 L) methods
Method
% coliphage recovery (±95% CL) on host bacterium (14) 48 (13) 1MDS A/E 14 (6.9) 10 (3.2) 13 (7) A/E = filter adsorption-elution; n = 6-19 trials/method and host; SAL = 100 mL; A/E = 1 L; recoveries based on coliphage titre by direct plaque assay of sewage stock (50, 38 and 48% on E. coli hosts C, CN13 and F amp , respectively) than using 1MDS filters (14, 10 and 13% on E. coli C, CN13 and F amp respectively) regardless of which coliphage group and which bacterial host was detected.
SAL method
The results of further collaborative studies by four participating laboratories (UNC, UNH, TAMU and WSHL) on recovery of sewage coliphages from seeded 100 mL volumes of different and geographically representative groundwaters (~100 IU/100 mL) in 10 replicate experiments per laboratory by the SAL method are summarised in Table 3 . Coliphages were efficiently detected with a mean 52% recovery for all E. coli hosts. Recoveries were highest (mean 64% overall) for somatic coliphages on E. coli CN13, lower for F+ coliphages on E. coli F amp (mean 58% overall) and lowest for both groups combined on E. coli C3000 (mean 36% overall). These recoveries on the different hosts were significantly different (p 0.00008) by a non-parametric ANOVA statistic. However, these results indicated a high likelihood of coliphage detection in 100 mL volumes of groundwater using the SAL method with either the specific host for each individual coliphage group or a single host to simultaneously detect both coliphage groups.
Enrichment methods
In an initial series of experiments two laboratories (UNC and UCR) evaluated the two-step enrichment-spot plate method to detect coliphages in 1 L volumes of water. In the first trials, duplicate sets of 10 replicate enrichment cultures of 1 L volumes of groundwater seeded with about 1-2 infectious units of somatic and male-specific coliphage mixtures from sewage were incubated either continuously shaken (mixed) or static (not mixed, except initially when ingredients were combined). As shown by the results of 6-16 experiments per bacteria host in Table 4 , both somatic and F+ coliphages were detected efficiently in enrichment cultures with or without mixing during incubation. The MPN titres of 1 L enrichment cultures were similar with and without mixing and they were similar to the expected numbers of coliphages, based on direct assay of the sewage coliphage stock used to seed test waters. In another series of initial experiments, two laboratories (UNC and UCR) simultaneously evaluated both the two-step spot plate and the one-step colorimetric enrichment methods on 10 replicate 1 L volumes of groundwater seeded with sewage-derived coliphages using somatic hosts E. coli C and CN13 and F+ host E. coli F amp . As shown by the results (Table 5) , both methods gave efficient and similar detection of low levels of coliphages in 1 L volumes of water, based on the number of positive 1 L enrichment bottles out of 10 and the resulting coliphage titres as MPN/L. In fact the detected numbers of coliphages in the 1 L enrichments were actually higher than the expected coliphage titres/L of seeded water based on direct assay of the sewage coliphage stocks. The reasons for this apparent greater than expected sensitivity in coliphage detection by the enrichment methods are uncertain but could have been a consequence of disaggregation of small virus aggregates in the coliphage stock derived from sewage, or highly efficient infection of host bacteria during the overnight enrichment period. Although the colorimetric method also gave sensitive detection in these initial experiments, it was later abandoned because of inconsistent colour reactions and false positive results in some groundwater samples (data not shown).
The two-step enrichment-spot plate method, that eventually became USEPA Method 1601, was simultaneously tested on different USA groundwater sources by four laboratories (UNC, UNH, TAMU, and WSHL) each using 10 replicate 1 L volumes seeded with 17-3.1 PFU of the same source of sewage coliphages and performing eight replicate experiments/laboratory. As shown by the results summarised in Table 6 , the observed number of positive cultures out of 10 was only slightly lower than expected (based on direct assay of seeded sewage coliphages), but the likelihood of coliphage detection was high and close to theoretically expected results. Furthermore, the simultaneous detection of both somatic and F+ coliphages on host E. coli C3000 was similar to the individual detection of somatic or male-specific coliphages on their separate E. coli hosts.
The enrichment method also was tested for quantal assay of coliphages in 1 L samples of water seeded with 10-100 IU of coliphages by dividing the enrichment cultures into volumes of 3 × 300 mL, 30 × 30 mL and 3 × 3 mL just after combining the sample, medium and host bacteria and prior to overnight incubation and spot-plating. Coliphage recoveries (MPN) were close to the expected concentrations by direct plaque assay of the seed sewage (data not shown). 3.1 9.5 (9-10) 7.1 (~7) Both (C3000) 1.7 8.5 (8-9) 5.7 (~6) * based on direct assay of sewage-derived coliphage stock
